OJ287 is a BL Lac object at redshift z = 0.306 that has shown double-peaked bursts at regular intervals of ∼ 12 yr during the last ∼ 40 yr. We analyse optical photopolarimetric monitoring data from [2005][2006][2007][2008][2009], during which the latest double-peaked outburst occurred. The aim of this study is twofold: firstly, we aim to analyse variability patterns and statistical properties of the optical polarization light-curve. We find a strong preferred position angle in optical polarization. The preferred position angle can be explained by separating the jet emission into two components: an optical polarization core and chaotic jet emission. The optical polarization core is stable on time scales of years and can be explained as emission from an underlying quiescent jet component. The chaotic jet emission sometimes exhibits a circular movement in the Stokes plane. We find six such events, all on the time-scales of 10-20 days. We interpret these events as a shock front moving forwards and backwards in the jet, swiping through a helical magnetic field. Secondly, we use our data to assess different binary black hole models proposed to explain the regularly appearing double-peaked bursts in OJ287. We compose a list of requirements a model has to fulfil to explain the mysterious behaviour observed in OJ287. The list includes not only characteristics of the light-curve but also other properties of OJ287, such as the black hole mass and restrictions on accretion flow properties. We rate all existing models using this list and conclude that none of the models is able to explain all observations. We discuss possible new explanations and propose a new approach to understanding OJ287. We suggest that both the double-peaked bursts and the evolution of the optical polarization position angle could be explained as a sign of resonant accretion of magnetic field lines, a 'magnetic breathing' of the disc.
INTRODUCTION
Blazars are amongst the most violently variable sources in the Universe. According to the standard model (Urry & Padovani 1995) , blazars are AGN with a jet pointing almost directly towards the observer, the jet radiation is thus highly beamed and dominates the spectrum. Therefore, blazars are perfect laboratories to study variability and turbulence in AGN jets.
Blazars are divided into two subclasses: BL Lac objects and Flat Spectrum Radio Quasars (FSRQs). Both BL Lacs and FSRQs show a flat radio spectrum, high polarization and violent variability (Urry & Padovani 1995) . While BL Lacs show a featureless optical spectrum with extremely weak or absent broad and narrow emission lines, FSRQs show a normal spectrum of broad and narrow emission lines. In the standard interpretation, BL Lacs are thought to be the equivalents of Fanaroff-Riley I (FR I) radio galaxies at small viewing angle, while FSRQs are thought to be the equivalents of Fanaroff-Riley II (FR II) radio galaxies (Ghisellini et al. 2009 ). Lately, more and more evidence has been found to support the idea that FSRQs and BL Lac differ not only in the appearance of their jets on kpc scale but also in their accretion processes. It has been suggested that FSRQs accrete in a radiatively efficient, geometrically thin accretion disc, while BL Lacs accrete through radiatively inefficient accretion flows (RIAFs) (Baum et al. 1995; Ghisellini et al. 2009 ).
However, even FSRQs and BL Lacs might differ in their accretion process and appearance of the jets, the variability observed in both types of objects is similar (Ulrich et al. 1997) . Both classes show variability on time scales from hours to decades, with partially extreme amplitudes (Ulrich et al. 1997; Valtaoja et al. 2000; Villforth et al. 2009 ). In both classes, the radio structure from VLBI maps consists of a so-called radio-core that does not move and blobs that appear to be ejected from the core and move away from it at apparently superluminal speeds. These blobs have been explained as signs of shock-fronts moving along the jet. Shock fronts are also thought to cause powerful outbursts lasting several weeks that can be observed on all wavelengths (Marscher & Gear 1985) . Using multi-wavelength data, it is possible to model the physical conditions in these shock fronts (Marscher & Gear 1985; Marscher et al. 2008; D'Arcangelo et al. 2009 ).
Shorter time-scales and the behaviour in the quiescent phases are however less well understood. Studying variability on shorter time-scales is a very challenging field. On these time-scales, multiwavelength observations cannot be used due to the fact that the delay between the different wavelength and the variability itself appear on similar time-scales. Neither are these short time-scales and thus small angular movements accessible using VLBI maps. Even so, it is a well known fact that variability down to the timescales of hours exists (Wagner & Witzel 1995; Ulrich et al. 1997; Villforth et al. 2009 ). Using optical polarization data, it is possible to study the variability in blazar jets down to the smallest timescales, and opposed to normal flux monitoring, polarization monitoring can reveal the evolution of the magnetic field.
Another open question, to which flux monitoring cannot answer, is what happens in the jet during quiescent phases. Using optical polarization monitoring, we can assess the properties of the magnetic field in the jet during quiescent phases and can thus answer the question if stable components in the jet emission exist.
For our study, we choose OJ287, which is one of the best studied blazars. It has been monitored since the last century accidentally and has been studied excessively since 1970s both using photometry and polarimetry. Therefore, OJ287 is a perfect object to study variability in blazar jets on a large range of time-scales, from weeks up to decades. OJ287 has a moderate redshift of z = 0.306 (Sitko & Junkkarinen 1985) .
OJ287 has received a lot of attention as it has shown massive double-peaked outbursts approximately every 12 years during the last 40-100 years. Such long-lasting, regularly appearing events have not been observed in any other AGN so far. Sillanpää et al. (1988) first noted this exceptional behaviour and suggested that the regularly appearing outbursts might be caused by a close binary black hole system in which the secondary black hole induces tidal disturbances in the accretion disc of the primary black hole. However, due to the limited amount of data, Sillanpää et al. (1988) were not able to explain how exactly the flare happens. Lehto & Valtonen (1996) further developed this model and suggested that each of the flares actually constitutes of two flares: the first flare is extremely short and is caused by the crossing of the secondary black hole through the disc, while the second flare is caused by enhanced accretion due to tidal disturbances in the accretion disc. The time lag between the two flares is extremely short (∼ 1 week), so that they are actually observed as one big outburst. Two of those outbursts happen during each orbit of the secondary black hole. The orbit is extremely eccentric, so that we observe two outbursts separated by only about 1 year every 12 years. Lehto & Valtonen (1996) modelled the previous behaviour and predicted the next outburst to happen in Spring 2006. However, OJ287 did not fail to surprise observers, and the first outburst in the [2005] [2006] [2007] season happened about half a year earlier than predicted by Lehto & Valtonen (1996) . After the early 2005 burst, this model was further modified to fit the newest data (Valtonen et al. 2006; Valtonen 2007; Valtonen et al. 2009 ).
Several other authors have suggested models for OJ287 (Katz 1997; Villata et al. 1998; Valtaoja et al. 2000) , all of them based on the assumption that OJ287 hosts a close binary black hole. Katz (1997) suggested that a binary black hole induces precession in the accretion disc of OJ287, the jet follows the precessing motion of the discs and sweeps through the line of sight regularly, causing major flares due to enhanced beaming. Villata et al. (1998) suggested that OJ287 hosts a binary black hole, in which both black holes produce a jet, the jets sweep through the line of sight on regular intervals causing double-peaked bursts. Valtaoja et al. (2000) studied radio monitoring data of OJ287 and noted differences between the first and second burst and therefore suggested that the first burst is caused by a disc-crossing while the second burst is related to enhanced accretion causing a shock front in the jet. Using the radio data, Valtaoja et al. (2000) further argued that the missing of radio counterparts in some bursts speaks against the beaming models (Katz 1997; Villata et al. 1998) as for beaming events one would expect all wavelengths to be enhanced in a similar manner. The observed burst however do not show such a behaviour.
Both the Lehto & Valtonen, its modified successor (Valtonen et al. 2006; Valtonen 2007 ) and the Valtaoja model make clear predictions about the appearance of the bursts in polarization and the exact timing of the bursts. Thus, our data sets can be used to test the different models.
In this paper we analyse optical photopolarimetric monitoring of OJ287 during [2005] [2006] [2007] [2008] [2009] . We analyse the variability in optical polarization and compare it to current blazar jet models. We compare the data to different models proposed to explain the regularly appearing outbursts in OJ287. In Section 2 we present the observations and data reduction. Results are presented in Section 3. We discuss our results, both concerning the general variability pattern observed and the different models for OJ287, in Section 4. Conclusions are presented in Section 5. The cosmology used is H 0 = 70km s −1 Mpc −1 , Ω Λ = 0.7, Ω m = 0.3.
OBSERVATIONS AND DATA REDUCTION
We have obtained 400 polarimetric and 2238 photometric observations of OJ287 in [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . The participating observatories and distribution of data points among them is shown in Table 1 . Of the 400 polarimetric measurements 110 were taken in service mode using the focal reducer CAFOS at the Calar Alto (CA) 2.2 m telescope. A rotatable λ/2 plate + Wollaston prism were employed and four exposures through the R-band were taken with the λ/2 plate rotated by 22.5 • between the exposures. Exposure times were typically 60 s. The field of view was large enough (7×7 arcsec) to include a number of comparison stars from González-Pérez et al. (2001) enabling simultaneous photometric measurements of OJ287. Data were bias-subtracted and flatfielded using full polarimetric flatfields.
Altogether 256 polarimetric measurements were taken with the remotely controlled 60 cm KVA telescope on La Palma. The integration times were similar to the Calar Alto observations, but in order to improve the signal-to-noise, four to 12 sequences of four images were taken and the individual polarization measurements were averaged. Furthermore, the images were made in "white light", i.e. without a filter. A calcite plate was used instead of a Wollaston prism to separate the ordinary and extraordinary beams. Polarimetric data were dark-subtracted. Nearly simultaneous (time difference < 30 min) R-band photometry was obtained from CCD images made with a 35 cm telescope attached to the 60 cm telescope.
Finally, 34 polarimetric measurements were made with the Nordic Optical Telescope (NOT) using an identical setup to the KVA, except that R-band filter was used. Data were bias-subtracted and flatfielded using full polarimetric flatfields. Simultaneous Rband photometry was derived from star 13 in González-Pérez et al. (2001) .
The normalized Stokes parameters P Q and P U and the degree of polarization P and position angle PA were computed from the intensity ratios of the ordinary and extraordinary beams using standard formulae (see e.g. Degl'Innocenti et al. 2007 ) and semiautomatic software specifically developed for polarization monitoring purposes. During some of the nights, polarized standard stars from Turnshek et al. (1990) were observed to determine the zero point of the position angle. The instrumental polarization was found to be negligible for all three telescopes. Foreground (Galactic) polarization should also be low (< 0.5 per cent) since the reddening value is only E B−V = 0.028. The degree of polarization was corrected for bias using the maximum likelihood estimator from Simmons & Stewart (1985) . Since the KVA observations were made in "white light"the effective wavelength is mainly determined by the sensitivity of the detector. The sensitivity of the Marconi 47-10 detector used at the KVA peaks at λ ∼ 500 nm, somewhat shorter than the peak of the R-band filter used at CA and NOT (∼ 640 nm). Since frequency-dependent polarization is commonly observed in OJ287 (see e.g. Holmes et al. 1984) , a small offset between the Stokes parameters observed by CA and KVA is expected. However, the difference in effective wavelength is relatively small and any offsets are likely to be small too. We have examined the 24 cases where nearly simultaneous (time difference less than two hours) data have been obtained with both CA and KVA telescopes. We computed the mean of the Stokes parameters P Q and P U for both CA and KVA data sets and found a difference between the means to be 0.47 ± 0.17 and 0.76 ± 0.13 for P Q and P U , respectively. These are very small offsets compared to the total range of P Q and P U and of the order of the error bars of a single point. Thus differences in effective wavelength between the CA and KVA data do not cause large enough offsets to affect our conclusions. In addition to the polarimetric points, 2238 photometric points were obtained in BVRI bands in 18 observatories over the world (see Table 1 ). CCD images were obtained of the OJ287 field and the frames were reduced in the usual way by first subtracting the bias and dark frames and then dividing by a flat-field frame. The photometry was performed in differential mode using star nine in González-Pérez et al. (2001) as the comparison star. Inter-observer offsets were checked using star 13 as a control and found to be generally small (<0.02 mag). The offsets derived from star 13 were applied to the magnitudes of OJ287 to bring all measurements to the same scale. Finally, one-hour averages were computed from the data.
All data are available at Vizier.
RESULTS

General appearance of the light-curve: the major outbursts
We start by analysing and discussing the appearance of the lightcurve in general and describe the two major outbursts observed during [2005] [2006] [2007] [2008] [2009] . The full light-curve in photometry and polarimetry is presented in Fig. 1 . The gaps in the light-curves appearing in June-July yearly are due to the fact that OJ287 is too close to the sun during these months. We will refer to these gaps as 'summer gaps'. rather smooth increase in flux, the polarization is similarly high as before the burst. The main flare shows two major bursts of similar strength, separated by about a month. The object stays in burst till early 2006, the variability after the two peaks is erratic. A smooth decline starts in spring 2006. In the end phase of the decline, when the flux almost reaches a normal level again, a short, highly polarized outburst occurs. After this short flare, the source returns to normal flux levels when the 2006 'summer gap' sets in.
As for the exact timing of the burst, we see two major flares of similar strength in this burst. It is unclear which of the two is the main flare. The first of the two flares is observed on 20 October 2005 and the second flare is observed on 9 November 2005. The error in these values are in the order of days due to sampling limitations.
This burst was predicted to happen in 2006 by both Lehto & Valtonen (1996 ) (2006 and Valtaoja et al. (2000 ) (2006 . Thus, we can clearly say that our finding disagrees strongly with both existing predictions. The Lehto & Valtonen model has an error of about six months, while the Valtaoja model has an error of almost a year. The modified Lehto & Valtonen model (Valtonen et al. 2006; Valtonen 2007) by definition fits the burst in 2005 as it is based on the timing from that burst.
As for the appearance in polarization, only very few data points are available in polarization during the 2005 flare. No one expected a major burst at this point and thus few telescopes were monitoring OJ287 in polarization. From the few data points we have, it seems as if the whole burst was rather strongly polarized. Only two data points were observed during the flares, both showing rather high degrees of polarization. The position angle in those two data points is around zero, which is rather close to the value of ∼
170
• , which the position angle is observed to fluctuate around most of the time.
After the 2006 'summer gap', a moderately polarized, steep and short outburst is observed. Whereupon the light-curve is without prominent features, only showing smaller, rather erratic bursts. Already in early June 2007, the flux starts to increase rather steeply, announcing the beginning of the second major outburst. The polarization during this rise is extremely low, the increase in flux is not smooth as for the 2005 burst, but overlaid with several smaller flares. After the 'summer gap', in September 2007, the outburst reaches its peak, the polarization is high and the variability in flux is erratic. The plateau of the burst lasts till January 2008. During this time, the flux stays on a constantly high level, superimposed with countless fast erratic flares. A smooth, rather steep decline begins in January 2008. The decline is interrupted by a highly polarized, sudden and steep flare, similar to the one observed after the 2005 burst. However, after the second burst, OJ287 does not return to its normal state, another highly polarized, broad and strong burst begins which lasts until the end of our monitoring campaign in summer 2009. The 'third major burst' is slightly less luminous (∼12 mJy) than the first (∼14 mJy) and second bursts (∼16 mJy). The burst is extremely chaotic, similar to the second burst in its plateau.
While the 2005 burst was a test for the 'old' Lehto & Valtonen (1996) model and the Valtaoja et al. (2000) models, the 2007 burst will only be used to test the 'new ' Lehto & Valtonen model (Valtonen et al. 2006; Valtonen 2007) as both other models did not predict the first burst correctly. The 'summer gap' poses a serious problem for the exact timing of the 2007 burst. We see a sharp rise of flux right before the 'summer gap'. When OJ287 is observable again, the outburst is already in its plateau. Valtonen et al. (2008) identified the second flare after the summer gap as the major burst. This burst is not the highest peak in the plateau, but it shows extremely low levels of polarization, as predicted by Valtonen (2007) . It is not clear if another strong peak occurred shortly before OJ287 returned from the 'summer gap'. A single, rather low photometric data-point was observed during the summer gap on 12 July 2007. Thus we can assume that the highest peak did not occur shortly after that date. We assume that several flares must have occurred before OJ287 returned to high luminosities from such a dip. As the time scale of the erratic flares is usually about a week, we conclude that the major outburst in 2007 has occurred no earlier than mid to late August 2007. The first peak after the summer gap was observed on 2007 September 12. However, several flares of similar strength are observed after that, the highest of those as late as December 2007. Thus, we cannot clearly say which of those flares is the main flare, it might have happened at any time between August and December 2007. The second flare after the summer gap is well consistent with predictions from the modified Lehto & Valtonen model (Valtonen et al. 2006; Valtonen 2007) , who predicted the burst to happen in 2007 September 13. It is also practically unpolarized, as predicted by Valtonen (2007) .
As for the appearance of the burst in polarization, while the degree of polarization starts off rather low during the beginning of the burst, it rises to extremely high values in the first post-maximum peak. The position angle stays relatively stable for the first two peaks after the summer gap while a swinging behaviour is seen in the third peak after the summer gap after which the position angle falls back to the preferred value of ∼170
• . In Fig. 5 , we plot the normalised Stokes parameters for the same time span, the two normalised Stokes parameters show similar evolution. Just as the photometric light-curve, the polarimetric light-curves shows rather erratic behaviour.
Statistical properties of the polarimetric dataset
In this section, we will analyse the data using statistical methods. We will not consider single events in the light-curve, but the properties of the entire data set. Whenever we calculate the mean or standard deviation for the position angle, we use the circular mean and circular standard deviation (Mardia & Jupp 1975 between the degree and the polarized flux, higher degrees of polarization tend to avoid very low fluxes, while low degrees of polarization are very common at low fluxes of ∼ 2 mJy. To assess this difference, we divide the sample into a high and low polarization sample. The histograms of the high and low polarization sample are shown in Fig. 6 . We set the threshold to P = 17.5 per cent (the highest degree of polarization observed is P = 34.06 per cent, our threshold is about half of that value). We perform a KolmogorovSmirnov test, the probability that the two samples are drawn from the same parent populations but the differences are random is only 4.4 × 10 −8 . The difference between the low and high polarization sample is that the high polarization sample is missing the low flux peak at ∼ 2 mJy, which can be interpreted as a lower limit for the unpolarized flux. Our findings agree well with those of other authors (Jannuzi et al. 1994) .
As can be seen in Fig. 1 the position angle typically lies around a value of ∼170
• . The circular mean and standard deviation of the position angle is 167.7±17.5
• . Thus, the optical polarization is oriented perpendicular to the radio jet (D'Arcangelo et al. 2009 ). To investigate this further, we plot the degree of polarization over PA. As the PA has a range of 0-180 with 0 and 180 being 'identical', we calibrated the PA for this plot such that if PA < 90 we add 180 degrees to accomplish a PA range 90-270. The plot is shown in Fig. 7 , a clear preferred position angle is visible. There is a seeming stronger alignment with higher degrees of polarization. Such a behaviour has been observed before by Hagen-Thorn (1980) who studied OJ287 during 1971-1976. However, while in our case the preferred PA is ∼170
• , Hagen-Thorn (1980) find a preferred PA of 90
• .
Using statistical tests, we will assess if the stronger alignment for higher degrees of polarization can be quantified. We divide the sample into several sub-samples and plot the mean and standard deviation. No significant decrease in the scatter is noted (Fig. 7) . If we divide the data into two equally sized samples, one for high degrees of polarization and one for low degrees of polarization, the low polarization sample has a circular mean and standard deviation of 164.9±18.9
• , while the high polarization sample has a circular mean and standard deviation of 170.0±15.8
• . The values are consistent within the standard deviations of both averages, no significant difference between the two standard deviations is observed. However, if we perform Kolmogorov-Smirnov, the probability that the two samples are drawn from the same parent populations but the differences are random is 2.7 per cent. We try to investigate the origin of the seeming difference using the skew and kurtosis of the two samples. While the skew is similar for both samples, the kurtosis is significantly larger for the high polarization sample (1.6) than for the low polarization sample (0.4). Thus, while both distributions show a sharper peak and broader wings than a normal distribution, the high polarization sample is even more sharply peaked than the low polarization sample. This can be interpreted as a stronger alignment with higher degrees of polarization.
Due to the fact that the degree of polarization is a parameter heavily contaminated by unpolarized flux, we perform the same analysis for the polarized flux (Fig. 8) . Just as for the degree of polarization, the alignment seems to get stronger, however, the scatter does not decrease significantly. The low polarized flux sample shows a circular mean and standard deviation of 165.2±18.0
• while the high polarized flux sample shows a circular mean and standard deviation of 169.9±16.8
• . But just as for the degree of polarization, if we perform a Kolmogorov-Smirnov test, the probability that the two samples are drawn from the same parent populations but the differences are random is 6 per cent. As for the degree of polarization, we tested for differences in the distributions. Again, the high polarization sample has higher kurtosis (1.3) than the low polarization sample (0.6).
Thus, for both the degree of polarization and the polarized flux there is a slight trend for the distributions to get narrower at higher polarization. This can be interpreted as stronger alignment at higher degrees of polarization.
To investigate the reason behind the alignment, we present a Stokes plane plot for both P Q/U (Fig 9) and Q/U (Fig. 10) . To assess the distributions of P Q/U and Q/U, we project histograms of both values to the axes of the plots. Both P Q/U and Q/U show preferred values, however, while the distributions in the degree of polarization are extremely broad, the distributions in the absolute Stokes parameters are much tighter. Therefore we will concentrate on the polarized flux from now on.
As we can already see in Fig. 10 , the distribution of both Q and U are rather strongly skewed. Q has a skew of 1.15, the peak lies at 0.28 mJy, thus Q has a stronger tail on the side away from the zero point. U has a skew of -0.22, the peak lies at -0.15 mJy, thus just as Q, U has a stronger tail away from the zero point. To describe the shape of the distribution, we calculate the Fisher kurtosis. Q has a kurtosis of 3.7, U has a kurtosis of 1.6. Thus both distributions have extremely wide wings and sharp peaks, Q is even more strongly peaked than U. We interpret this finding such that there is an underlying, stable source of polarized emission, causing the peak, the optical polarization core (OPC). Using this interpretation, we separate the emission into two components:
• the optical polarization core (OPC) • turbulent, chaotic jet emission Due to the strong skew in the distribution, arithmetic mean or median are not suitable to determine the exact value of the OPC. We therefore determine the values from sigma-clipped data (σ=2, 5 iterations). These estimates are plotted in Fig. 10 as solid lines, we see that the values describe the peak of the distribution very well. The parameters of the OPC are: Q = 0.28 mJy, U = -0.15 mJy, total polarized flux = 0.32 mJy. For comparison, the flux distribution peaks at around 2.5 mJy. Thus the polarized OPC emission represents about 10 per cent of the quiescent total flux emission. Assuming that the OPC emission is maximally polarized (P = 70 per cent), the total flux of the OPC is F OPC,total = 0.46 mJy. Thus for a common flux of 2.5 mJy, the OPC emission contributes about 20 per cent to the total flux.
Using the OPC values derived above, we calculate a coresubtracted polarized flux by subtracting the OPC vectorially from every data point. We then use the core-subtracted Q/U to calculate a core-subtracted polarized flux and position angle.
We use the core-subtracted position angle to assess if the alignment of the OPC persists in the turbulent jet emission. Fig.  11 shows the comparison between the normal and core subtracted PA. The distribution of the core-subtracted PA is almost flat, we do not see a clear preferred position angle as in case of the raw data. The core subtracted position angle has a circular mean and standard deviation of 9.4 ± 27.8
• , compared to 167.7±17.5
• for the raw data. This is only a very weak alignment (no alignment would correspond to a standard deviation of ∼60
• ). The weak residual preferred position angle agrees with the original preferred PA within the errorbars.
Next, we will assess if the OPC shows an evolution during our monitoring campaign. Therefore, we divide our sample into four data bins, the used bins are shown as solid vertical lines in Fig. 1 . We choose the data bins to reflect major events in the optical lightcurve. The four bins are: extremely broad. It is very hard to estimate if the OPC is still at a similar value as before due to the large scatter. There is a tendency for the Stokes parameters to have the same sign, but be bigger than the OPC, this shows in both Q and U. This might be the alignment that persisted during OPC-subtraction in Fig. 11 .
The most spectacular bin however is the 'Post-Burst' bin. While the scatter in U is still rather wide, Q shows a double-peaked distribution. One peak lies around 0 mJy and the other one at ∼0.8 mJy, the second peak is almost three times as strong as the OPC. We divided the 'Post-Burst' data set in two samples of equal size, histograms of the two samples are shown in Fig. 13 . In the first bin, the new OPC component is already present, while there is still a strong component at ∼ 0 mJy. In the second bin however, the new OPC component is fully dominant. We have thus detected a strengthening of the OPC directly after one of the double-peaked bursts. The component in Q almost tripled it's strength. Thus, during our monitoring campaign the OPC was stable, however, we did observe a sudden change in the OPC, directly after the second major burst in 2007. This raises the question how the OPC has evolved in the past.
A proper investigation of this subject would require long-term photopolarimetric monitoring (i.e. polarization and flux measurements) in one well-calibrated filter. Such a dataset is not available. However, to get an idea of the evolution of the OPC, we can plot the PA over time. As the frequency dependence of the position angle is weak in blazars, we can even use multi-band data. In Fig. 14 we plot the historic evolution of the position angle from the 1970s till the 90s. Those data are partially from literature, partially, they have been observed by Yuri Efimov with the 125 cm telescope at the Crimean Astrophysical Observatory (Ukraine), using the computer controlled UBVRI Double Image Chopping Photopolarimeter, developed at the Helsinki University Observatory by V. Piirola.
It is very clear from this plot that the OPC was not stable in the past ∼ 40 years. The most dramatic change happens around 1994, during one of the major double-peaked bursts: the preferred PA shows a swing, changing its orientation from ∼ 90
• to ∼ 180
• . This is also the value that is observed during our monitoring campaign.
An interesting finding is the fact that all strong changes in the position angle seem to have happened shortly (∼ 1 yr) after one of the major double-peaked bursts. This is very similar to the evolution we observe during our monitoring campaign, changes in the OPC seem to follow the double-peaked bursts.
To assess this further, we present a plot similar to Fig. 12 , showing the evolution of the OPC. Due to the fact that the historic data is simple polarimetric data without accompanying flux measurements, we cannot calculate the Stokes parameters, thus, we will work with normalised Stokes parameters. Note that as discussed earlier in this Section, the normalised Stokes parameters are worse for determining the OPC as they are contaminated by unpolarized flux (see Fig. 9 compared to Fig. 10 ). We present the evolution of the OPC during the last 40 years in Fig. 15 . We divide the data into bins using 1 January of the years 1985 and 1995. While the evolution in U is rather mild, the evolution in Q shows a clear bulk motion from ∼ -10 per cent to ∼ + 10 per cent during the last 40 years, the crossing of the zero point is most likely around ∼ 1995. This corresponds to a motion of the OPC in the Stokes plane from position angles of ∼ 90
• in the 1970s to a position angle of ∼ 180
• in the present. We will not further investigate these changes as our sampling is extremely uneven and most likely also concentrated around interesting events in the light-curve. As we have seen before, Stokes plane plot look very different during quiescence or burst (Fig. 12) . Therefore, we believe that binning the data into smaller bins will introduce uncontrollable selection effects.
We studied statistical properties of the polarimetric dataset and found a strong alignment in position angle that originates in a strong peak in the distribution of values in the Stokes plane. We interpret this finding as a sign of an underlying source of constant polarized flux. This emission dominates during quiescent phases, while during bursts chaotic emission dominates. During our monitoring campaign, we observe a strengthening of the OPC after the 2007 burst. We also study long-term evolution in the OPC and find a rather steady migration in the Stokes plane. Also for the long term evolution, the changes in the OPC seem to correlate with the major bursts.
Reoccurring events in the polarimetric light-curve
While in Section 3.1 we only discussed events that show as strong rise in total flux, in this Section we aim to determine if re-occurring events in the polarization exist. We also aim to classify those reoccurring events in a way that will make it possible for other authors to identify similar events. A table with a list of all events discussed in the following paragraphs and their basic properties is presented in Tab. 2.
To identify the 'reoccurring events' we visually inspect the 2005-2009 light-curve in P Q/U , Q/U, P and PA and compose a list of all remarkable events. We are aware that this method is somewhat arbitrary, as the identification of the events is subjective. We are also aware that we are heavily influenced by data gaps. However, because optical polarization variability in blazars is poorly understood we believe that it can help to classify and discuss typical events. The time of all those events is also shown in Fig. 1 , dash-dotted lines indicate the beginning and end of all events.
The first group of events with similar appearance are the 'Bubbles'. In these events, both P Q and P U start at low values, rise to a maximum simultaneously and then return to low values, enclosing a bubble. This eye-catching appearance in the plots lends this type of events the name 'Bubble'. The prototype for this group of events is Bubble 1, a 25 d lasting event that occurred between JD 2453820 and 2453845. In Fig. 16 we plot the flux, Stokes parameters P Q/U , P and PA of the prototype Bubble 1. We see that a dramatic rise in flux, the flux almost doubles during the outburst. The normalised Stokes parameters show a bubble feature. The degree of polarization shows a rather flat flare. For the PA however, we do not see any exceptional behaviour. The 'jump' from 0-180
• is not as exceptional as it might look, 0
• and 180
• are identical, so what we see is merely a change by a few degrees. But while the concept of a bubble so far seems rather limited to its obvious appearance in the P Q/U light-curve, if we plot the bubble in the Stokes plane, it becomes clear that bubbles are more than just eye-catching features. Fig. 16 shows the Stokes plane plot of Bubble 1, we see a circular movement. Thus, bubbles can be used to identify circular movements in the Stokes plane. Circular motions in the Stokes plane can be interpreted as rotations of a magnetic field component. The movement in the Stokes plane in Bubble 1 is clockwise (we define the direction as seen when plotting Q on the x-axis and U on the y-axis). Bubble 1 has also been observed by D'Arcangelo et al. (2009) within a multi-wavelength campaign. They interpreted that data as a sign for a shock front moving along the jet.
We observe five Bubbles during our monitoring campaign, their properties are summarized in Table 2 . Plots of those events are presented in Figures 16 -17. Only one of those (Bubble 5) is a 'false' bubble, the event looks like a bubble in the P Q/U -plot, however, it is not a circular movement in the Stokes plane. We will discuss this event and its implications at the end of this paragraph.
The second group of events is a very special type of circular movements, those enclosing the zero point. A circular movement around the zero point shows as a swing in position angle. The position angle swings from 0
• to 180
• and thus once through the whole Stokes plane. We searched the light curve for these events, which we call 'Swings' and found two Swing events. Further information about those events can be found in Table 2 .
The prototype of this class is Swing 1 (Fig. 21) . We see a monotone evolution of the position angle from 180→0
• . Opposed to the Bubbles, the degree of polarization actually decreases during the swing. In P Q/U we see a symmetric evolution. But due to the fact that P Q and P U are of the same sign, no bubble is enclosed. However, if we look at the Stokes plane plot, we see that Swing 1 also shows as a circular movement in the Stokes plane. One other Swing is observed: Swing 2 (Fig. 22) .
As both the Swings and the Bubbles represent circular Stokes plane movements, we will from now one refer to both classes as 'rotators'. In this context it becomes clear why it is usually not sufficient to study the degree of polarization and position angle only. Polarization is a vector: while plotting the length (P) and orientation (PA) of a vector is intuitive for a single vector, it is not for a composition of several vectors. As we have shown in the previous section, the polarized emission in OJ287 can be separated into two components.
Bubbles and Swings have a completely different appearance in P and PA, even they actually represent the same movement in the Stokes plane. Both represent circular movements, however, the fact that the centre of that movement is offset from (0, 0) changes their appearance dramatically. Even the size of the circle has a dramatic impact on the appearance of the circular movement in P and PA. While a small decentred circular movement shows as a Bubble, a big circular movement will show as a Swing.
Identification of these events is therefore not straightforward. Using the circular appearance in the Stokes plane for identification is straightforward in theory. However, this method is heavily susceptible to misidentification due to irregular sampling. Rotators can be identified by their symmetrical evolution in P Q/U or Q/U, as seen both in Bubbles and in Swings. Swings can additionally be identified through their appearance in position angle. After rotator candidates have been identified using these methods, Stokes plane plots can be used to assess if the candidate represents a true rotation in the Stokes plane. For our study, six of the seven rotator candidates chosen in the above manner were confirmed by Stokes plane plots (Bubble 5 was rejected), thus this method is rather effective in identifying rotators.
Another open question is how those rotators relate to the OPC. We plotted the position of the OPC in all Stokes plane plots of the rotators (Fig. 16-22 ). For the only full circular movement (Bubble1), the OPC lies within, but at the very border of the bubble. For the others, it is not clear if the OPC lies at the centre of the movement. The OPC variability can hardly explain the offset as most rotators happen before the 2007 burst and thus the OPC was stable during those events. Thus, rotators do not seem to have a common centre.
It has been argued that such events might simply represent random walks in the Stokes plane. Jones et al. (1985) performed Monte Carlo simulation to address this problem. Even they only studied the probability to observe Swings (i.e. circles enclosing (0, 0)), they found probabilities up to 30 per cent to observe such an event in a pure random walk. If we include also general rotators, the probability to observe such events by chance rises even higher. Thus, we cannot reject the hypothesis that all observed bubbles and swings are results of a random walk. However, if all rotators were indeed random events, the probability to observe clockwise or counter-clockwise movements would be equal. We observe four clockwise movements and two counter-clockwise movements. Due to the small number of events, we cannot reject the null-hypothesis that the directions of the movements are randomly distributed.
We noted before that all rotators seem to happen on similar time-scales. For this discussion we exclude Bubble 4, which might be a merging of four bubbles, and Bubble 5, which is actually not a circular movement in the Stokes plane. The only full circular movement (Bubble 1) lasts 25 d, the other circular, but not closed, movements last between 10-15 d. The finding of similar time-scales in all rotators speaks against a random walk. However, it is possible, though unlikely, that this is a selection effect. Due to the fact that the sampling density is usually ∼1-3 d, circular movements much shorter than 10-20 d could not be identified as they would be heavily under-sampled. As for the missing of considerable longer lasting rotator events, it is obvious that the probability to observe a certain pattern from a random walk drops for bigger numbers of data points. While the preference of clockwise movements and the similar time-scales point towards a physical reason behind the rotators, we cannot completely reject the possibility that some of the previously described events are a result of random walks. We will however discuss possible physical causes for such observations in Section 4.1.
Optical spectral index variability
We investigate the variability of the spectral index α (F ν ∝ ν −α ) in the optical by fitting power-law spectra to the observed multicolour data. The multicolour data are not strictly simultaneous, but we use only multicolour data where all filters were observed within an hour from each other. Altogether 218 multicolour observations are used for the spectral fits.
For converting the BVRI magnitudes to linear fluxes we used the zero points given in Bessell (1979) . The galactic absorption was corrected using Schlegel et al. (1998) . The flux of the host galaxy is ∼ 0.08 mJy in the R-band (see Section 4.2), which is ∼ 3 per cent of the total flux at the faintest flux levels reported in this paper. Thus we have made no correction for the host galaxy. The fits were made in a log ν -log F ν scale by fitting a straight line to VRI or BVRI data using ordinary least squares (OLS) regression of y on x. In five cases we have also U-band data, but the U-band point lies in all cases ∼ 10 per cent below the straight line delineated by other bands. Since the drop-off in the spectrum is very sudden, we treated it as a problem in the calibration rather than a true spectral feature and excluded the U-band from further analysis. We also excluded the three cases where the error in the spectral index was larger than 0.1.
In Fig. 23 we show the evolution of the optical spectral index with time and its dependence on the optical flux. We see a clear dependence between the flux level and the spectral index with brighter flux levels corresponding to flatter optical spectra. The Spearman correlation coefficient of the flux-α opt correlation is −0.71 with > 99.9 per cent significance. This kind of 'bluer when brighter' behaviour has been observed before in OJ287 and also in other blazars (e.g. Fiorucci et al. 2004) , although a more complex behaviour is sometimes observed (Raiteri et al. 2008) . Also negative correlations between flux and bluer colours have been reported (e.g. Böttcher et al. 2009 ). During the 1993-94 outburst of OJ 287 the optical colours were also reported to have been constant over a wide range of optical magnitudes (Sillanpää et al. 1996; Hagen-Thorn et al. 1998) .
If one looks at the flux -α plots in Fiorucci et al. (2004) it becomes evident that the spectral slope changes are very subtle and a successful detection requires monitoring the target over a large flux range and with high precision. For instance, in case of our data, the change in V-R colour is 0.06 mag over a magnitude range of 2 mag. Thus in a short campaign covering a limited range in flux the spectral slope changes may go unnoticed leading to apparently Swing 1 Figure 21 . Swing 1, plots as for Fig. 16 contradicting claims about the dependence of spectral slope on flux level.
In case of OJ287 it should be noted that while the 1993-94 seemed to exhibit no colour changes. Hagen-Thorn et al. (1998) noted by comparing the 1993-94 outburst to the 1983-84 and 1971-72 outbursts that the spectral index depends on the peak level of the outburst with brighter outburst exhibiting flatter optical spectra. Thus, all available evidence seems to support the view that in OJ 287 the major outbursts are accompanied by flattening of the spectrum at optical frequencies. As our data show, the flattening occurs during both major outbursts. This suggests a common origin in all major outbursts of OJ 287, including both 'sub-bursts' of the double-peaked burst. The simplest explanation is that the flattening is due to injection of high-energy electrons into the emitting region in the relativistic jet. The flattening can also be explained by two-component models, but multicolour polarimetry would be required to study this further.
DISCUSSION
The discussion is divided into two parts: firstly, we discuss variability and stability in blazar jets, we will derive where the observed emission originates and what we can learn from our findings. Secondly, we discuss models proposed to explain the regularly appearing outbursts and compare their predictions with our findings. 
Variability and stability in the jet of OJ287
In the previous section we showed that the polarized emission from OJ287 has a clear preferred position angle. We were able to divide the optical polarized emission into two separate components: the optical polarization core (OPC) and chaotic emission with a weak alignment along the direction of the OPC. The OPC represents emission of polarized flux that is stable on time scales of years, but highly variable on time scales of decades. We observed a strengthening of the OPC during our monitoring campaign, the change happened shortly after the 2007 burst. The chaotic emission partially shows in so-called 'rotators', which represent circular movements in the Stokes plane. It is unclear if the circular movements are centred around the OPC. In this section we shall try to derive where this emission originates and what we can learn from our findings.
Where does polarized emission in blazar jets originate?
In general, polarization in blazars is caused by synchrotron emission. Synchrotron emission is observed when charged particles move in a strong magnetic field. However, to result in high degrees of polarization, the magnetic field needs to be ordered, otherwise the polarization in different directions cancels out. An obvious way to align unordered magnetic fields is through shock fronts, which are a very common feature in magneto-hydro-dynamical (MHD) jets. Shocks can compress an unordered magnetic field and produce a strong, ordered magnetic field, oriented perpendicular to the flow direction (Hughes et al. 1989a,b; Marscher & Gear 1985) . As shocks naturally occur in jets and produce strong, linearly polarized emission, relating the high degrees of polarization observed in blazar jets with shock fronts suggests itself. So far, the shock front in jet model has been extremely successful in modelling flares in several blazars (e.g. Marscher & Gear 1985; Marscher et al. 2008; D'Arcangelo et al. 2009 ). However, Gabuzda et al. (2004) pointed out that there is evidence that points towards a global, helical magnetic field in the jet. With increasing resolution in VLBI maps, it has been found that the aligned magnetic field covers extended areas, whereas shocks are compact. Additionally, the alignment of the magnetic field has been observed to stay intact even in the presence of bends and kinks. All these observations point towards a globally -not locally -aligned magnetic field. Also, our finding of extremely weak correlation between high degrees of polarization and high fluxes points towards a global magnetic field. If polarized emission would only be generated in shock fronts, it should always be related to outbursts in flux, this is however not observed.
Additionally, simulations support findings of a global magnetic field. The importance of globally aligned magnetic fields for the launching and collimation of outflows has been emphasized repeatedly (see e.g. Nakamura et al. 2001 , Igumenshchev et al. 2003 . In addition, helical magnetic fields are produced rather naturally: if a global magnetic field is present in the accretion disc, the accretion process will spin up the field lines, creating a helical magnetic field that can carry the jet (Nakamura et al. 2001) .
Another interesting observation is the alignment between optical and radio polarization. Gabuzda et al. (2006) studied the relation between the optical and radio polarization in a number of blazar jets and found both values to be surprisingly well aligned. This might mean that the alignment of the magnetic field is a global phenomenon. A global magnetic field would naturally align the polarization in the same way in every region of the jet, and thus through all wavelengths. Instabilities in the jet might cause smaller regions to show a different alignment. However, the finding that radio and optical polarization are aligned does not prove the existence of a global magnetic field. A 'common point of emission' for the bulk of both the optical and radio data can also explain such a strong alignment.
How can changes in the OPC be explained?
In OJ287, the polarization vector is currently oriented perpendicular to the jet -pointing towards a longitudinal magnetic fieldwhile in the past it has been oriented along the jet direction -pointing towards a transverse magnetic field. Both the helical magnetic field and the shock front model however produce purely transverse magnetic fields. Thus, neither the helical magnetic field model nor the shock front model can explain all the observations. But before we jump to any conclusions, let us discuss what could cause an apparent flip of the magnetic field direction.
The easiest and most obvious way to flip the PA is to flip the magnetic field. However, in shock fronts, the magnetic field is by definition aligned perpendicular to the jet flow. Thus, it is not possible to flip the magnetic field in a shock front as the magnetic field takes a well-defined value. The same goes for the helical magnetic in which the toroidal component is dominant due to beaming, causing the observed magnetic field to be transverse. Lyutikov et al. (2005) pointed out that PA ⊥ − → B is not strictly valid in AGN jets. This relation only holds in the non-relativistic case, which is a rather absurd approximation to make for AGN jets. Due to the beaming, certain components of the magnetic field become more visible in the polarization than others. However, to achieve a 90
• flip, one would need to assume two components with a perpendicularly oriented magnetic field. While component one is fully beamed and component two is de-beamed before the flip, the beaming of the two components would need to reverse. It is very hard to imagine a setup in which such an event would take place.
Another possibility for a flip of the magnetic field would be a movement of the jet itself. In case the jet would perform some kind of swinging motion, a swinging motion of the magnetic field would be observed in polarization. Due to the fact that OJ287 has a rather small viewing angle, this might only require a movement of few degrees or less. However, it is not clear how such a movement could be achieved. Corkscrew shaped jets are observed in several sources (Steffen et al. 1995) , however, these jets perform a constant precessing motion on time scales of years. For OJ287 one would have to explain a single movement. With respect to the binary model, Valtonen et al. (2006) stated that a binary could push the disc in a certain direction at every orbit. OJ287 does not show a constantly moving jet, but a single jump. Additionally, it is questionable if a 'kick to the disc' would show as such a sudden movement in the jet. Because the magnetic fields are assumed to be the 'framing' of the jet, it is unclear if a 'kick to the disc' could be powerful enough to move the entire magnetic field within only about a year. If the jet would have undergone such a traumatic change, it should also be visible in VLBI maps. However, Gabuzda & Gómez (2001) published VLBI maps of OJ287 in which components with polarization vectors both transverse and longitudinal are observed, no remains of a perpendicularly oriented dead jet are visible, making the jet swing hypothesis even more unlikely.
The last option would be a change in the opacity, i.e. a change between optically thick and optically thin emission. In case of optically thin emission the observed PA lies orthogonal to the magnetic field while for optically thick emission, the observed PA lies parallel to the magnetic field. Therefore a change of the regions that dominate the emission can cause a 90
• flip. Beaming could cause such a change. If the beaming factor changes, the restframe wavelength of the emission we observe in the optical changes. If the change between optically thick and optically thin emission is close to the restframe wavelength of the emission we observe as optical. Thus a change of the beaming factor could explain the flip. However, the transition between optically thick and thin emission usually lies in the radio frequencies (e.g. Gabuzda & Gómez 2001) .
Both the helical magnetic field and the shock front model cannot produce a naturally longitudinal field and thus cannot explain the behaviour observed in OJ287. This raises the question if it is possible to produce a naturally longitudinal magnetic field in the jet. Longitudinal magnetic fields can be produced through shear at the border of the jet that interacts with the surrounding medium, the shear-dominated area is called sheath. In this case, longitudinal fields are observed on the border of the jet and transverse fields are observed in the spine of the jet (see e.g. Gabuzda 2003 ). This has been observed in some sources (see e.g. Gabuzda 2003 ). However, in OJ287 such a spine + sheath structure is not visible. Additionally, it is questionable if the sheath could dominate over the spine for a period of time, after which the spine dominates again.
D'Arcangelo et al. (2009) discussed the interesting finding that the polarization in OJ287 -both in radio and optical -points towards a longitudinal magnetic field. They suggested that shear aligns the magnetic field longitudinally in the core. They argued that during the times in which the field was observed to be transverse, shocks aligned the field in a transverse direction temporarily. In contrast to these findings, Efimov et al. (2002) studied optical photometric monitoring data from 1994-1997 and found evidence of a global helical magnetic field in the jet.
Poloidal magnetic fields provide a longitudinal magnetic field naturally. In simulations, injected poloidal magnetic fields are needed to produce powerful jets (see e.g. Igumenshchev et al. 2003) . However, due to the rotation in the accretion flow, the poloidal components get spun up into a helical structure. If the magnetic field structure is helical, beaming will enhance the toroidal component strongly, this will be observed as a transverse magnetic field. If the rotation is minimal, most of the poloidal field will be preserved and only a small toroidal component will be produced. Normal accretion discs are rotating rapidly, it is thus unlikely that a standard thin accretion disc would produce a predominantly poloidal magnetic field. Radiatively inefficient accretion flows are candidates for Bondi-like and thus minimally rotating accretion flows (Igumenshchev & Abramowicz 2001) . It has been suggested that BL Lac objects accrete through such flows and not standard thin accretion discs (Baum et al. 1995; Ghisellini et al. 2009 ). Thus it is possible that OJ287 has accreted a predominantly poloidal magnetic field.
If we assume that a poloidal magnetic field is causing the unusual position angle currently observed in OJ287, we have to explain that the magnetic field used to be oriented transversely from 1970-1994. One could argue that shock fronts dominated the emission from 1970-1994, but that seems highly constructed. It also does not explain the migration of the OPC through the Stokes plane (Fig. 15) . Another way to explain the observations is through the accretion of magnetic field lines. In an accretion process, not only matter, but also magnetic field accretes onto the black hole. While closed field lines can be swallowed by the black hole, open field lines cannot. When open field lines accrete, they get caught near the black hole, building a poloidal magnetic field. In case the accretion of open field lines with the same orientation continues, the poloidal magnetic field grows stronger and stronger. Finally, the poloidal component gets so strong that it dominates and 'takes over'. Thus we can explain the PA flip observed in the 1990s as accretion of poloidal field lines. In 1994, after a phase of massive accretion of both matter and magnetic field, the poloidal component got so strong that it started to dominate. The fact that the OPC strengthened after the 2007 burst also suggests that the changes of the magnetic field are related to enhanced accretion events.
What is the origin of the OPC?
The question remains where the OPC originates. Two possible explanations for an optical polarization core exist: a global magnetic field and a common point of emission. If a global magnetic field exists, polarized emission is expected from the entire jet flow. In that case, the OPC can be interpreted as a sign of the 'quiescent jet' and therefore can be used to analyse the global magnetic field in the jet. By 'quiescent jet' we mean the jet without any turbulences or shock fronts. The emission from the quiescent jet would naturally be stable as it depends only on the strength and orientation of the magnetic field, the beaming factor and the accretion rate (or more precisely, the rate at which matter flows through the jet). All of those parameters are not expected to change on small time scales. In case of a rapid change of the magnetic field, the changes propagate in the jet with the speed of light. Due to the high beaming factor in OJ287, the change might be observed to propagate with superluminal speed. The fact that changes in the OPC are observed on time scales of about a year indicates that the bulk of the OPC emission originates in a part of the jet with a size of 1 pc.
An alternative explanation is that there is a 'common point of emission', i.e. all OPC emission originates from a small area in the jet. It is not obvious why the 'common point of emission', which is presumably extremely small, would be stable on time-scales of years. This approach can explain the alignment between the radio and optical polarization, but has trouble explaining the flip in position angle. D' Arcangelo et al. (2009) argued that the position angle flip indicates a change between a normal and shear-dominated state of the jet. However, this would require a mechanism which would turn a stable 'normal' jet into a stable shear-dominated jet.
As argued before, the OPC swing can most naturally be explained assuming a global magnetic field. The stability of the OPC on time-scales is also more naturally explained by an extended source of emission. Therefore, we argue that the OPC traces the quiescent jet and can therefore be used to study the jet magnetic field in blazars.
Is the OPC commonly observed in blazars?
Another question is if a preferred position angle, as observed in OJ287, is a common feature in all blazars. Jones et al. (1985) observed 20 compact radio sources in different radio bands and found a 'radio polarization core', which they described as scattering around a common value. Opposed to our findings, Jones et al. (1985) concluded that the P Q/U gave a better estimate of this value than Q/U. They concluded from this that the magnetic field is mostly tangled, only showing minor anisotropies. Angel & Stockman (1980) were the first ones to address this topic in the optical. They were able to divide a sample of 21 objects (all blazars or Seyfert galaxies with blazar-like SEDs) into two distinct groups. Group one does not show any preferred PA, the data-points are 'all over the compass'. We will call these sources OPC-weak in the further discussion. The second group consists of objects in which repeated measurements show a restricted range of angles. These objects will be referred to as OPC-strong in the further discussion. Angel & Stockman (1980) already noted that OJ287 belongs to both classes, depending on the time when it is observed. During the 2005-2009 OJ287 was clearly OPC-strong, it was also OPC-strong during the monitoring campaign conducted by Hagen-Thorn (1980) . In the 1980s however, OJ287 was OPCweak. Angel & Stockman (1980) noted that all OPC-weak sources in their sample are rather bright, high-redshift objects, while the OPC-strong sources are at lower redshift and fainter.
We decided to compare the both groups, omitting OJ287. We found that the two groups, the OPC-weak and OPC-strong sources, show significant differences. Out of the eight OPC-weak sources, five are FSRQs, two are BL Lacs and one (3C279) is a BL Lac/FSRQ transition object. On the other hand, out of the 12 OPCstrong sources, nine are BL Lacs, two are Seyfert galaxies and only one is a FSRQ. Even considering the fact that we are clearly limited by low number statistics and some objects might have been misidentified due to limited amount of available polarization data, this is a truly fascinating finding. If this neat separation can be confirmed for a larger sample, this would mean that that the jet emission in BL Lac objects and FSRQs differs significantly. This is supported by the findings of Jannuzi et al. (1994) which studied optical polarization variability in BL Lacs and found all of them to have a preferred position angle, showing in a similar manner as observed in OJ287.
This result indicates a difference in the ratio of turbulent (unaligned) and quiescent (OPC/aligned) jet emission. In FSRQs, the turbulent jet emission seems to dominate, the OPC emission is weak compared to the normal level of the turbulent emission. The position angle is either unaligned or only weakly aligned. In BL Lac objects, the OPC emission is strong compared to the levels of the turbulent emission, the position angle is aligned. Assuming that the OPC emission originates from the common point of emission, this would indicate that the common point of emission (e.g. a standing shock front) in FSRQs is weaker compared to the rest of the jet emission than in BL Lacs. Assuming that the OPC is caused by quiescent jet emission in presence of a strong helical magnetic field, this would indicate that the magnetic field in FSRQ jets might be weaker or that the jet emission is dominated by turbulent unaligned emission. Thus, if the findings from Angel & Stockman (1980) would be confirmed for larger samples, this would indicate that not only do FSRQs and BL Lacs show different accretion processes, but they also differ in the variability and properties of their jets.
How can 'rotators' be explained?
Another open question is the origin of the rotators we observed. Rotators are commonly observed in radio, Aller et al. (1981) first identified these events calling them 'polarization rotators'. Jones et al. (1985) observed such rotators as well, however, he suggested that those might just be random walk events. As we discussed in Section 3.3, we cannot clearly reject the hypothesis that those rotator events are indeed random events.
While one might expect that all rotators would be centred around the OPC, this cannot be confirmed for our observations. The decentring of the bubbles cannot be explained assuming fast variability in the OPC. This might either be explained by another component that is constant during the rotator and decentres the rotator from the OPC or by assuming that rotator are not rotating around the zero-point but another point in the Stokes plane.
Rotators could be interpreted as blobs moving along a helical trajectory inside the jet. However, there is a serious caveat to this interpretation. If the rotators were indeed signs of a blob moving along a helical trajectory, all of them should have the same direction as the orientation of the helical field will decide the orientation of the rotation. Clearly not all rotators have the same direction! One could argue that the rotators with the 'wrong orientation' are random movements while the ones with the 'right orientation' are blobs moving along the magnetic field. However, this is clearly not a convincing explanation.
A more natural explanation is to assume that the rotators are shock fronts moving backwards and forwards in the jet, swiping through the helical magnetic field. This would explain the different rotation directions observed as well as the presence of rotators that do not represent full circles in the Stokes plane. Additionally, the 'wobbling shock front' seems to fit the bubble sequence consisting of Bubbles 1, 2 and 3. These bubbles follow each other with a very small time lag. Bubble 1 is clockwise, 2 counter-clockwise and 3 clockwise again, this could be explained as a shock front wobbling back and forth. It can also explain a common time-scale for all rotator events in case the speed of the 'wobbling shock front' is approximately constant.
We are able to interpret our observations as a sign of a jet that has two major components, the quiescent jet and turbulent emission from wobbling shock fronts inside the jet. The quiescent jet contributes considerably to the jet emission, even if we assume that the emission of the quiescent jet is maximally polarized (which is rather unlikely), we find that in contributes ∼20 per cent to the flux in a quiescent state. We further argue that polarimetric monitoring can be used to study the global magnetic field in the jet and assess if the jet is dominated by turbulent or quiescent emission. We also find differences between FSRQs and BL Lacs concerning the strength of the quiescent jet component, our findings indicate that FSRQ jets are dominated by turbulent emission while BL Lac jets are dominated by quiescent jet emission. Further observations will have to show if our findings hold for bigger samples.
OJ287: a blazar hosting a binary black hole?
This part of the discussion is dedicated to the mystery of the regularly appearing double-peaked outbursts observed in OJ287. Before we rate the different models proposed for OJ287, we compose a list of requirements for a successful model and use this list to systematically assess each particular model.
A list of requirements for OJ287 models
While the light-curve of OJ287 has been studied excessively, limitations to the suggested models set by the objects itself have received little attention. It is clear that a successfully model would not only have to describe the light-curve correctly but also be consistent with the properties of the object, including the black hole mass. Before discussing prominent features of the light-curve, we therefore discuss the limitations set by the fact that OJ287 is a BL Lac object and derive an estimate for the black hole mass.
BL Lacs are a special subclass of blazars. It is nowadays widely believed that BL Lac objects are Fanaroff-Riley I (FR I) type objects with a jet pointed directly towards the observer (Baum et al. 1995) . FR I objects are low-luminosity radio galaxies with a jet that is luminous and relativistic near the core, while it decelerates to sub-relativistic speed on scales of ∼ 100 − 1000 pc. Baum et al. (1995) systematically studied the differences between FR II and FR I radio galaxies and found that the spectrum of FR Is is missing strong broad emission lines. They found the luminosity and ionization of narrow emission lines is consistent with being caused by ionizing radiation from the host galaxy and not the AGN. The weakness or absence of broad emission lines cannot be explained using obscuration. Baum et al. (1995) were able to explain the line properties by assuming that FR Is accrete through radiatively inefficient accretion flows (RIAFS). Therefore the ionizing radiation from the accretion disc in FR Is is missing, causing the weakness or absence of broad and narrow emission lines. Ghisellini et al. (2009) studied γ-ray properties of a big sample of BL Lacs and FSRQs and found a neat separation of the two blazar types in the γ-ray luminosity vs spectral index plane. They were able to explain this separation assuming that FSRQs accrete radiatively efficiently while BL Lacs accrete radiatively inefficiently. Baum et al. (1995) and Ghisellini et al. (2009) based their studies on completely different datasets, but reached the same conclusions. Additionally, no other possible explanation for the dichotomy between FR I / II radio galaxies and BL Lacs / FSRQs exist to our knowledge. Thus, we can state that BL Lac objects most likely accrete through RIAFs. This statement raises the question if accretion through a RIAF instead of a standard thin accretion disc would have any influence on the suggested models for OJ287.
Radiatively inefficient flows can appear in two regimes of accretion: sub-Eddington accretion (ṁ ≪ 1) and super-Eddington accretion (ṁ ≫ 1). Both flows have a common feature: due to the fact that the flows are not radiating efficiently, the cooling is inefficient. Thus, these flows are hot and geometrically thick. Over the years, several analytical models for RIAFs were developed: such as the advection-dominated accretion flows (ADAF), adiabatic inflow-outflow solution (ADIOS), the convection-dominated accretion flow (CDAF) and convection dominated Bondi-flows (CDBF). For a full description of the analytical models see Igumenshchev (2004) . In the last years, numerical viscous and MHD models were used to simulate radiatively inefficient accretion flows (e.g. Igumenshchev et al. 2003) . From MHD simulations it became clear that the properties of the flow depend strongly on the injected magnetic field. Even the exact physics in these flows is not well understood yet, one point is clear, RIAFs are geometrically thick! The lack of cooling 'puffs up' the disc. A thick disc might be problematic for binary black hole models that associate the bursts with disc crossing. In case of a thin disc, the time it takes the secondary black hole to cross the disc is short. In case of a geometrically thick disc and a small orbit however, it might take the secondary a considerable percentage of the orbital period to cross the disc. Thus the burst would cover a longer timespan.
Therefore, we estimate if the assumed trajectory of the secondary black hole lies within the simulation regime and thus within the range in which the flow is geometrically thick. The simulations from Igumenshchev et al. (2003) m. Using the third Kepler law, we can roughly estimate the semimajor axes of a possible binary black hole. We assume an orbital period of 9 yr (in the restframe of the object). For the primary black hole mass, we use the two example values of 10 9 /10 10 M ⊙ . We furthermore assume that M secondaryBH ≪ M primaryBH . This yields a semi-major axes for the 10 9 M ⊙ black hole of ∼ 6 × 10 14 m, for the 10 10 M ∼ black hole, we get a semi-major axes of ∼ 1 × 10 15 m. These values lie inside, but in the outer part of the simulation box. Considering the newest version of the Lehto & Valtonen model, in which the secondary orbit is highly eccentric, the radii of the disc crossing lie at 10 14−15 m and thus well within the simulation box. Assuming that OJ287 is indeed powered by a radiatively inefficient, geometrically thick accretion flow, the outburst due to piercing of the accretion disc by the secondary black hole lasts longer. A clearly defined 'disc piercing' no longer exists as the secondary is inside the disc for a considerable part of the orbit. However, OJ287 is only observed to be 'in burst' about ten percent of its time! In case of the Lehto & Valtonen model the flare associated with the disc piercing lasts only ∼1 week! This corresponds to only <1 per cent of the orbital period and is thus in clear contradiction to a geometrically thick accretion flow.
Further limitations to possible models can be set by the mass of the central black hole. Due to the fact that OJ287 is a BL Lac object and does not show broad emission lines except in its extremely faint state (see e.g. Sitko & Junkkarinen 1985) , determination of the mass of the central black hole is not feasible using reverberation mapping. Another method to determine the masses of central black holes is using relations between the host galaxy and the mass of the central black hole (see Novak et al. 2006 for a summary of these methods), this method can be used for OJ287 as the host galaxy properties have been studied. We summarize different results of host galaxy studies in Tab. 3. We use the results to estimate the mass of the central black hole.
For all publications apart from Hutchings et al. (1984) , where no apparent magnitudes are given, we calculate the absolute magnitude applying k-corrections from Bicker et al. (2004) . No evolutionary corrections are applied. If the preferred morphology is a disc model, we use k-corrections for a Sb galaxy, otherwise we use the k-corrections for an E galaxy. O'Dowd & Urry (2005) used the S T IS filter F28x50LP for which no k-corrections are available. This filter is a low pass filter with a cut-off frequency of ∼5500Å. In this case, we use k-corrections for Bessel R. Even the real transmission curve of this filter is much bluer than for a Bessel R, we do not expect that this introduces big errors. For example the difference between the k-correction for R and I at this redshift are only <0.1 mag.
A few things are notable when talking about the host galaxy of OJ287. The first is the repeatedly mentioned decentring of the extended emission (Yanny et al. 1997; Heidt et al. 1999; Nilsson et al. 2003) . The only mentioning of the amount of decentring is from Yanny et al. (1997) , who found a value of 0.4 arcsec, corresponding to as much as 1.81 kpc. However, Yanny et al. (1997) might have had problems with the PSF and thus these results should be taken with caution. Decentring might be more of a sign that the host was actually not resolved than a sign that there is actually a truly decentred nebulosity. Another noteworthy fact is the extreme optical-NIR colour indicated by the different results. The measured host galaxy in K is about 3 mag more luminous than a L * -galaxy while the upper limits for the optical filter are around the values for L * -galaxies. This implies an extremely red galaxy. Even ULIRGs, supposedly the reddest galaxies in the optical-NIR range, do not show such extreme optical-NIR colours but a rather flat spectrum (see e.g. Kim et al. 1995) . This leads us to assume that the detection in NIR is most likely spurious, as already suspected by the authors (Wright et al. 1998 ). All in all, we think that it is safe to assume that the host galaxy of OJ287 is unresolved, however, several consistent and reliable upper limits exist. The values found in the optical are well consistent with an L * elliptical galaxy. Thus we can use these upper limits to estimate the upper limit for the mass of the central black hole. We use relations published in Novak et al. (2006) to estimate the mass of the central black hole. For the R band data we use the relation based on data from Bettoni et al. (2003) . We use the same relation for the filters F814W, F702W and F28x50LP as the differences between these bands are minimal and no colour-corrections for these filters are available. For the K band data, we use colour corrections from Poggianti (1997) to transform the magnitude to the J band, we use the relation based on data from Marconi & Hunt (2003) to derive the black hole mass.
Estimating the central black hole mass from the optical data gives values of logM BH 9. The results from the only available NIR measurement gives a value of logM BH ≈ 10. The big difference is caused by the fact that combining the optical and NIR results gives a colour that strongly deviates from colours of normal elliptical or disc galaxies at similar redshift. Note that relations as presented in Novak et al. (2006) only hold for galaxies with normal SEDs. If the galaxy strongly deviates from a normal SED, black hole masses derived using luminosities are no longer reliable. However, upper limits for optical host galaxy luminosities and black hole masses derived from optical data hold.
After discussing the properties of OJ287 not related to the light-curve, we will continue by putting together a list of prominent properties of the light-curve and finish by presenting a clear list of requirements which we use to rate the different models. A plot of the entire flux monitoring data, from 1885 to 2009 is presented in Fig. 24 .
Exact timing has received a lot of attention, especially in the Lehto & Valtonen model and its successors. However, in order to be able to calculate results from their models, all authors had to make simplifications. Including all possible influences (i.e. MHD and general relativistic effects, warped disc...) would yield models with too many adjustable parameters. Additionally, solving the problem of a binary black hole together with an accretion flow would require fully relativistic MHD simulations that also calculate the radiation transfer, this is not possible with current MHD models and computer power. Therefore, we do not believe that it is possible to calculate the timing of the bursts with an accuracy in the order of days. Additionally, the light-curve has 'holes' caused by OJ287 being to close to the sun to be observed. As we discussed in Section 3.1, this can have the effect that the exact time of the outburst can only be determined with an accuracy in the order of weeks to months. Also, before ∼1970 the sampling was too sparse to determine the exact time of the outbursts accurately, this effects the calculations for the models. Therefore we believe that neither are exact timing predictions possible nor is it possible to derive exact outburst times from the light-curve. Due to this fact we will not put a lot of weight on high timing accuracy in this discussion. However, we do discuss if models strongly deviate from the measured time of the outburst.
The 'pseudo-periodicity': this rather awkward word describing the light-curve of OJ287 was introduced to emphasize that the outbursts in OJ287 appear regularly while deviating from periodicity. Particularly the 2005 burst strongly deviates from periodicity, being observed about a year earlier than expected for strict periodicity. It is true that strong, rather regularly appearing outbursts have been observed from the 1970s till the present. However, this represents only four cycles. We do not believe that earlier outbursts can clearly be established as the sampling was too sparse (see Fig.  24 ). Especially as there are about 10 year long gaps in the data. The fact that outbursts were observed around the time expected before 1970 does not prove that there were periodic outbursts -not even pseudo-periodic outbursts for that matter. For certainty, one can only say that the data before the 1970s does not contradict regularly appearing outbursts at ∼ 12 yr intervals. Additionally, OJ287 may be 'loosing' its regularly appearing outbursts. The peak fluxes in the double peaked outbursts have been declining significantly since the first well-sampled burst in the ∼1970s (see Fig. 24 ). Between the 1994-1995 burst and the present burst there was an additional outburst which was approximately as strong as the 2005-2007 major outbursts (see Fig. 24 ). Also, a 'third major burst' directly after the second major burst was observed during the 2005-2007 campaign. The current major bursts are by no means as exceptional as the bursts observed in the 1970s and 1980s. While bursts are still observed near the expected time, and partially more than one year earlier than expected, additional bursts of similar strength are observed. A model would thus have to explain regularly appearing outbursts every ∼ 9 yr (in the object restframe) over 3 − 4 cycles. Double-peaked outbursts are observed in the 1970s, 80s and 90s-bursts. The two bursts are of similar strength and separated by ∼ 1 yr. The 2005/2007 burst might also be classified as a doublepeaked burst. However, a third peak has been observed during this period, following the second peak almost with only a short delay.
The peak intensities in the major optical bursts have been declining from almost 60 mJy in the 1970s to only about 15 mJy in the latest bursts. Both peaks show a similar evolution (see Fig. 24 ). If we include earlier, poorly sampled, bursts it seems like the peak intensities have been increasing from ∼ 1900-1970 (see Fig. 24 ). However, as the sampling is too poor to draw clear conclusions, we will neglect the evolution before 1970.
Radio counterparts are observed for some optical outbursts while they are missing for others. There is no clear pattern for the occurrence of radio counterparts. During the both the 1980s and 1990s flaring, the first burst showed a radio counterpart while the second did not (Valtaoja et al. 2000) . Sampling for the 1970s bursts is too sparse to draw clear conclusions (Valtaoja et al. 2000) . During the 2005-2007 period neither of the bursts showed a radio counterpart (Merja Tornikoski & Anne Lähteenmäki, private communication). While we are clearly limited by small number statistics, we can state that the first burst was never observed to have a radiocounterpart, while the second burst was observed both with and without radio-counterpart.
Strong changes in the optical polarization core are observed from the 1970s till today (see Fig. 14) . The strength of the OPC has showed both de-and increasing phases. A flip in the preferred PA of about 90
• has been observed in the 1990s (see Fig. 14) . It seems that strong changes in the core polarization follow the double-peaked bursts with a delay of ∼ 1 yr. However, the connection between the double-peaked outbursts and the OPC changes is not well established due to small number statistics.
The limitations set by the object itself: from host galaxy data, we can set an upper limit for the central black hole mass of M < = 10 9 M ⊙ . Additionally, we know that OJ287 is a BL Lac object and thus a FR I radio galaxy. Many observations point towards the fact that BL Lac objects are fed by radiatively inefficient and thus geometrically thick accretion flows (e.g. Baum et al. 1995 , Ghisellini et al. 2009 .
Thus a new model would have to explain the following observations:
• regularly appearing outbursts in the optical light-curve with a period of ∼ 9 yr over > = 3-4 cycles • double-peaked outbursts in at least three cases, both peaks have comparable strength, the current double-peaked burst might be better classified as a triple-burst
• the peak intensities undergo strong changes, from 1970-2007 the peak intensities have been abating, both peaks show a similar evolution
• radio counterparts are observed in some bursts, never has one of the first bursts been observed to show a radio counterpart, the second bursts are observed both with and without radio counterparts
• the strength of the OPC changes, including a flip, changes are possibly related to the double-peaked bursts
• a black hole mass < = 10 9 M ⊙
• a radiatively inefficient, geometrically thick accretion flow
In Tab. 4 we present a comprehensive and short summary of the different models using our list of requirements. Each model will be discussed separately and in detail in the following paragraphs.
Lehto & Valtonen: a binary black hole, two disc piercings, gravitational waves
In this section we discuss both the original Lehto & Valtonen model (Lehto & Valtonen 1996) and the modified Lehto & Valtonen model that was presented to fit the unexpectedly early outburst in 2005 (Valtonen et al. 2006; Valtonen 2007) . Note that both models are almost identical, the differences are due to the addition of a 'live disc', a new fit to the data using the 2005 burst and changed timing for earlier bursts. The basic properties of the model however are identical.
Before we compare this model to our list of requirements, we would like to discuss some properties and parameters of this model. One of the critical points in the Lehto & Valtonen model is the question how the disturbance in the disc will affect the jet. Valtonen et al. (2009) estimated that the particles reach the jet after only a few days, producing a jet burst immediately after the first thermal flare. The jet flare merges with the accretion disc flare, no delay at all is observed between the two flares. Thus each observed burst actually consists of two flares: the accretion-disc-flare and the jet-response-flare. To achieve such a short delay, they assumed that the particles enter the jet flow as soon as they pass a radius of 10 R S chwarzschild , which is very close to the radius at which the secondary black hole pierces the disc. Particles that get injected into the jet become visible immediately. It is very likely that changing this parameter would change the appearance of the bursts dramatically. As the short time delay between the accretion disc piercing and the jet response is so fundamentally important for this model, we will discuss this point in greater detail.
It is unclear why Valtonen et al. (2009) chose this particular radius. For comparison, the radius at which the accreting material plunges into the black hole, the innermost stable circular orbit (ISCO) is R IS CO = 3 × R S chwarzschild for a non-rotating black hole. The ISCO shrinks considerably if the black hole has a high spin. The ISCO is the smallest radius at which the accreting material could enter the jet. Additionally, Valtonen et al. (2009) did not take viscosity and MHD effects into account. Viscosity and turbulence play a major role in accretion processes (Balbus & Hawley 1998) and thus estimations neglecting these effects might yield wrong results.
Thus, we will estimate the time delay between the disc piercing and the jet response and compare it to the results from Valtonen et al. (2009) . If we assume that the launching of the jet happens anywhere between the disc piercing and the ISCO, we can try to estimate the time it takes the disturbance to become visible in the jet. Estimating these time-scales is rather challenging. However, we can use the viscous time scale at the radius of the disc piercing to get a lower limit for the time it takes for the disturbance to reach the ISCO. The viscous time-scale for standard α-discs can be calculated as follows (Czerny 2006 ): Villata et al. (1998) none given yes no ? ? ? Katz (1997) none given yes no no ? ?
Where α is the disc viscosity, rh
d is the scale heights of the disc, R 3 is the radius in units of three Schwarzschild-radii and M 8 is the black hole mass in units of 10 8 M ⊙ . We assume a black hole mass of 10 10 M ⊙ , a disc viscosity α = 0.1, a standard scale heights of rh
We estimate the radius as the semi-major axes according to the third Kepler law with the parameters given by the Valtonen model. The viscous time-scale is proportional to the black hole mass, due to the extreme black hole mass of 10 10 M ⊙ the timescales are extremely long, the viscous time-scale and thus the lower limit for the time it takes to reach the ISCO is ∼ 10 yr. This is approximately three orders of magnitude longer than the delay of several days estimated by Valtonen et al. (2008) . Note however that these estimates only hold for α-discs and not for radiatively inefficient accretion flows. Simple estimates for such flows do not exist as the physics in these jets is less well known.
While we do not know at which radius the jet is launched, we can for sure say that any value considerably smaller than the orbital radius causes serious problems for the Lehto & Valtonen model as the jet flare would be significantly delayed, possibly more than 10 years. And there might even be a longer delay as it is not clear how close to the injection point the visible jet starts. There might be a long time span between the injection of matter and the jet response.
We will now discuss the timing accuracy for the two Lehto & Valtonen models: Lehto & Valtonen (1996) The Lehto & Valtonen model has troubles explaining the observed variations in the peak intensities. The difference between the disc crossings in the Lehto & Valtonen model is the radius at which the secondary black hole crosses the disc. The radius will probably have influence on the strength of the burst. However, while the first disc crossing moves closer to the primary black hole, the second one moves further out, thus one would expect that one of the bursts gets fainter while the other burst gets brighter. We observe a nearly simultaneous evolution of the peak intensities. Thus, we conclude that this model cannot explain the observed changes in the peak intensities. Valtaoja et al. (2000) argued that the Lehto & Valtonen model cannot explain the missing of radio counterparts in some bursts. However, in case jet induced flares without radio counterparts are possible, the Lehto & Valtonen model would be consistent with the data. For example, an outburst in a part of the jet that is opaque for radio emission could explain bursts that do not have radio counterparts. However, it is unclear why some bursts should be opaque to radio emission while others are not. OPC variability is expected in this model, however, the model predicts movements of the jet direction at every disc crossing, while only a single very sudden movement is observed. The black hole mass of M BH = 1.8×10
10 M ⊙ assumed in this model is in clear contradiction to the estimates from host galaxy data. This black hole mass is on the very extreme end of the black hole mass distribution, especially considering the low redshift of only z = 0.306 (Vestergaard et al. 2007 ). To revoke this contradiction, Valtonen et al. (2008) argue that OJ287 is one of the brightest AGN. But OJ287 is a blazar, the radiation from the jet is highly beamed, boosting the flux. Thus it is misleading to compare the absolute magnitude of the highly beamed blazar OJ287 to normal, mostly unbeamed AGN. Furthermore, the model explicitly assumes a thin disc, in presence of a geometrically thick disc, the bursts would lengthen considerable as the secondary black hole would remain 'inside the disc' for a considerable fraction of the orbit. Note that the disc-piercing burst in the Lehto & Valtonen only lasts about a week, which corresponds to less than one per cent of the orbital period or an opening angle of the disc of only ∼1
• . Valtaoja et al. (2000) presented a model containing a binary black hole. In this model, the secondary black hole is considerably less massive than the primary and the two black holes are moving around the common centre of mass on highly eccentric orbits. Because of the high eccentricity, the secondary only pierces the accretion disc when is close to periastron, whereas the apocentre lies outside the accretion disc and thus does not cause interaction with the disc. In this model the first peak of the major outburst represents the piercing of the secondary through the accretion disc of the primary. The second peak of the outburst represents the shock front in the jet caused by the disturbance of the accretion disc. Before we discuss if this model fulfils the requirements, we try to estimate if a gap of ∼ 1 yr between the first and the second burst is reasonable. We use the same formula and argument as in Section 4.2.2 to estimate this time span. We assume a standard thin disc and a black hole mass of 10 9 M ⊙ . Due to the fact that the orbit is highly eccentric, we take a lower limit for the radius of 3 R S chwarzschild . This yields a lower limit for the accretion time of ∼ 3y. This is still in the order of magnitude of the observed time gap. Note however that this value is the absolute lower limit. On the other hand, it is not clear how that estimate would change if one assumed a radiatively inefficient instead of an standard α-disc.
Valtaoja: a binary black hole, one disc piercing, one jet response
As for the timing, the Valtaoja model assumes strict periodicity in the first peak. The delay between the first and second burst is assumed to be approximately 1 yr. However, due to the fact that the second peak represents the jet response to the disc crossing, which is obviously a very complex process, Valtaoja et al. (2000) do not provide a time prediction for the second burst. Using an orbital solutions with a zero-point of JD 0 = 2449667 and a period of P = 4324d, the primary outburst is expected in 2006 September 25 (Valtaoja et al. 2000) . Thus, the primary outburst happened more than one year earlier than predicted.
In the Valtaoja model the first burst is a thermal flare, thus one would not expect high degrees of polarization. The few data points observed during the 2005 burst do show rather high degrees of polarization, in contradiction to the model. The second burst in the Valtaoja model is a jet burst and is therefore expected to be very highly polarized. Indeed, the 2007 outburst was very highly polarized. The fact that both outbursts show a flattening of the optical spectrum and thus most likely have the same origin speaks against the Valtaoja model.
As for the list of requirements: it is not evident if the Valtaoja model can explain the strong variability in the peak intensities. The first bursts is caused by a disc-crossing. Therefore considerable changes in the strength of this bursts could either be explained by changes in the radius at which the disc crossing occurs or by significant changes in the disc itself. However, if such a change in the intensity of the first burst would appear, one would also expect the second burst to reflect these changes. This is indeed observed. Thus, the model might be able to explain the changes in the peak intensities. Valtaoja et al. (2000) based their models on the fact that during the double-peaked burst 1994-1995, the first peak did not have a radio-counterpart, while the second peak also appeared in radio. During the 2005-2007 burst none of the peaks had a radio counterpart. As for the Lehto & Valtonen model, the missing of radio-counterparts could be explained if some burst happened in areas that are opaque to radio emission. Also, it is unclear if the Valtaoja model could explain the OPC variability. As for the black hole mass, Valtaoja et al. (2000) based his model on a 10 9 × M ⊙ black hole, which is the value estimated from host galaxy data. If we assume that OJ287 is powered by a radiatively inefficient accretion flow, this could pose a problem for the Valtaoja model. Even the orbit is highly eccentric, a geometrically thick disc would considerably increase the time the secondary black hole spends 'inside the disc' thereby increasing the length of the first burst. Because the exact orbit is not specified in the Valtaoja model, it is unclear how big the effect would be. Also, the limitations by the geometrically thick accretion flow are not as severe as for the Lehto Villata et al. (1998) proposed a model containing a binary black hole. Unlike in all other models, both supermassive black holes produce relativistic jets. According to this model, both major outbursts are beaming events, each of the two bursts caused by one particular jet. Due to the fact that this is a qualitative model, no exact timing predictions are available. In this model, the peak intensities do undergo strong changes in a similar pattern as observed (Villata et al. 1998 ). However, as Valtaoja et al. (2000) pointed out, this model cannot explain the fact that some bursts have radio counterparts while others do not. For beaming events, one would expect all wavelength ranges to show enhanced emission, but this is not observed. Due to the fact that in the Villata model the two jets 'wind around each other', building a helical structure, it is not clear how this would show in the OPC evolution. As mentioned above, the model is qualitative, thus no statement about the black hole mass is made. The Villata model does not assume any particular accretion flow, thus, it is consistent with a RIAF. Katz (1997) proposed a precessing disc to be the cause for the observed behaviour in OJ 287. A precessing disc would cause the jet to precess as well. In this model, the outbursts represent a sweeping of the jet through the line of sight. The double-peaked structure of the outbursts is thought to be caused by a nodding motion of the jet precession.
Villata: a binary black hole, two precessing jets, beaming events
Katz: a binary black hole, a precessing disc and jet
As this is a qualitative model, no exact timing predictions are available. Due to the fact that both outbursts in this model are caused by beaming events from the same jet, one would expect that the strength of outbursts is variable in a pattern similar to the observations. It might even be expected that the peak luminosities undergo strong changes if the beaming factor changes between the different bursts. This could show as an additional periodic variability in the peak intensities, which would be consistent with the data. Due to the fact that both bursts are 'beaming bursts', this model cannot explain the missing of radio counterparts in some bursts, as pointed out by Valtaoja et al. (2000) . It is unclear if such a setup could explain the observed OPC variations. The model is qualitative, and therefore does not specify the black hole mass. The model explicitly assumes a thin accretion disc. It is questionable that a RIAF could show similar precession as RIAFs are not rotationally supported.
Alternative explanations: accretion as a cause for regular bursts or better BBH models?
As we saw from the discussion in the previous section, none of the existing models is able to explain all observations. Several models based on the assumption of a binary black hole have been developed (Lehto & Valtonen 1996; Katz 1997; Villata et al. 1998; Valtaoja et al. 2000) and modified (e.g. Valtonen 2007; Valtonen et al. 2009 ). Parameters have been added, but still, none of the models can explain all the observations. Binary black hole models might profit from growing interest in understanding binary black hole mergers. For example, it has been shown that binary black holes might show three disc systems, consisting of circum-black hole discs around the two black holes and a circum-binary disc around the whole system (Hayasaki et al. 2007 ). However, those simulations were done for rather large separations, and it is unclear how such a system would look in a closer stage of its evolution. Perego et al. (2009) studied the interaction between binary black holes and the accreting material. Considering such effects, current binary black hole models could be improved.
While gravitation based periodicity (i.e. two bodies circling around each other) is clearly the most obvious approach to explain regularity, it has been suggested that it is possible to achieve regularity through resonance in accretion discs or jets (Ouyed et al. 1997) . The periodicity in simulated jets found by Ouyed et al. (1997) happened on time-scales of days and was strictly periodic and not abating. However, Ouyed et al. (1997) showed that opposed to pictures of purely chaotic jets, reappearing, resonance based events are possible in jets and accretion discs. For the case of OJ287, Marscher (1997) argued that the properties of certain outbursts suggest the jet as a source for the variations. Therefore, we would like to discuss jet-and accretion-disc based approaches to explain the observed behaviour in OJ287.
We base our discussion on our finding of the optical polarization core and its evolution during the last decades. We argued in Section 4.1 that the observed behaviour in OJ287 is a sign of a gradual strengthening of the poloidal magnetic field component during the last decades. The jet magnetic field used to be dominated by a toroidal component, while it is currently dominated by a poloidal component. We also argued that due to the fact that OJ287 is a BL Lac type object it is most likely powered by a radiatively inefficient accretion flow (Baum et al. 1995; Ghisellini et al. 2009 ). Those flows are minimally rotating (Igumenshchev 2004) and therefore make it possible that accreted poloidal field lines are only minimally spun up and therefore preserve their poloidal component.
We argue that it would be rather astonishing to observe two exceptional processes, namely regular bursts and changes in the jet magnetic field, going on in one object without any connection between the two. We therefore suggest a casual connection between the regular bursts and the OPC variability, with the OPC variability being the 'main symptom' and the regular bursts being a 'aftereffect' of the changes in the jet.
We suggest that the bursts are related to the accretion of magnetic field lines. We suggest that the regularly appearing flares are signs that the accretion of the magnetic field happened in avalanches. Let us assume that at some point in the past, massive accretion of magnetic field caused strong disturbances in the magnetic field of the accretion disc. This disturbance caused a resonance in the accretion disc, a 'magnetic breathing' of the disc. The resonance causes regularly appearing avalanche accretion of magnetic field. We suggest that each double-peaked flare represents a phase of massive magnetic field accretion. As the central (poloidal) magnetic field strengthens, it starts to dominate the area near the black hole. The strong central magnetic field starts to impede further accretion of magnetic field of the same orientation. Due to this, the double-peaked flares are weakening over the course of time. Finally, the strong central magnetic field will 'choke' the resonance.
Based on this assumption, we interpret that the first episode of avalanche accretion happened prior to the 1970s bursts. This event caused the magnetic breathing. Phases of avalanche accretion were observed in the early 1970s, 1984-1985, 1994-1995 and 2005-2007 , showing as gigantic double-peaked flares. In our interpretation, the toroidal magnetic field component fully dominated the jet during the early phase of photopolarimetric monitoring. This showed in a strong alignment of the OPC along the jet direction between the 1970s and 1980s bursts. The avalanche accretion during the 1980s bursts caused a strengthening of the poloidal magnetic field component. The poloidal and toroidal component were of similar strength and thus the OPC was rather weak. The next accretion during the big flaring around 1994 further strengthened the poloidal component and it became dominant, causing the OPC to align perpendicular to the jet. We interpret the abating of the peak intensities in the double-peaked flares as a sign of the strengthening of the central poloidal magnetic field. The central field starts to repel further accretion of poloidal magnetic field lines and therefore the strength of the double-peaked bursts weakens. According to our interpretation, the fact that the periodicity in OJ287 is lost and the strength of the double-peaked bursts has reached the level of ordinary outbursts can be interpreted such that the central poloidal magnetic field has become so strong that the avalanche accretion of magnetic field lines of the same orientation is no longer possible. The resonance got choked by the strong central field. Therefore, we predict that no more regularly appearing double-peaked outbursts will be observed in the future. Based on our assumptions, these burst were caused by resonant avalanche accretion which is nowadays impeded by the strength of the central magnetic field. This explanation is also well consistent with our finding that the OPC strengthened after the 2007 burst.
If this interpretation were true, the OPC in OJ287 would remain strong and oriented perpendicular to the jet direction. Due to the fact that no more accretion of open magnetic field lines of considerable strength is expected, the jet magnetic field, and thus the OPC, should be stable and not show strong changes. Also, no further strong double-peaked bursts are expected based on this assumption as the central field has become so strong that avalanche accretion is simply not possible any longer.
We are well aware that the suggested explanation is speculative. While it has been shown in simulations that setups as the one described in the 'magnetic breathing' model are realistic (see e.g. Igumenshchev et al. 2003) , some points are not fully clear. It is not clear if a timespan of ∼10 yr is realistic for such a resonance behaviour. As argued earlier, time-scales of years are normal for accretion processes around supermassive black holes, thus we believe the observed time-scale is realistic for resonance processes in the accretion disc. The biggest caveat of this approach is the fact that it does not naturally explain the double-peaked bursts. We argue that what we see is the accretion of magnetic field coupled to accreting matter. While the first bursts represents the accretion of the magnetic field, which can be observed instantaneously, the matter needs time to reach the optical jet. The delay of about one year between the first and the second burst in this model would represent the time it takes the matter to reach the visible jet. This would explain that both bursts show a similar evolution in strength. However, it does not explain the missing of radio-counterparts in some bursts. It is not yet clear what decides if a disturbance in the jet will be observed in radio, therefore it is unclear if the magnetic breathing model can explain the radio behaviour. The 'magnetic breathing' approach does explain the OPC variability, it is consistent with a moderate black hole mass and a radiatively inefficient accretion flow.
With more advanced simulations, it will hopefully soon become possible to simulate both accretion processes and the launching of the jet simultaneously. When those simulations become possible, it will be interesting to assess if a setup as suggested in this section is realistic. It will also be interesting to see if developments in the theoretical understandings of jets will bring new explanations. Further observations will also have to show if the strong reg-ularly appearing outburst have indeed stopped. Till then, the case of OJ287 will remain a mystery.
SUMMARY AND CONCLUSIONS
In this paper we present photopolarimetric monitoring of OJ287 during the most recent major double-peaked outburst. We analyse the photopolarimetric light-curve, we describe the general appearance of the light-curve, analyse statistical properties and study the appearance of flares in polarization. We also compose a list of requirements for OJ287 models in which we also include properties of OJ287 not related to the light-curve. We use this list to compare all proposed models. We also discuss alternative explanations for OJ287. Our finding can be summarized as follows: The second burst is considerably longer lasting than the first one, covering an overall timespan of almost 2 years, as opposed to about 1 yr in the first burst. Both burst show strong polarization in both the maximum and the declining phase.
• The degree of polarization does not correlate with the flux, in agreement with findings of other authors (Jannuzi et al. 1994) .
• We find a strong preferred position angle, caused by an underlying stable source of polarized emission: the optical polarization core (OPC). The OPC is stable on time scales, however, we did observe a fast change in the OPC during our monitoring campaign. The change happened after the 2007 burst and strengthened the OPC considerably. We also found changes of the OPC during the last decades, showing as a migration in the Stokes plane crossing the zero point. Those changes are also correlated with the doublepeaked bursts. We interpret that the OPC emission originates from the quiescent jet. Our observations indicate that a global magnetic field exists in blazar jets and can be observed as alignment of the optical polarization position angle. Based on former studies on the alignment of the optical polarization in blazars (Angel & Stockman 1980; Jannuzi et al. 1994 ), we find a difference between the jets of FSRQs and BL Lacs. In BL Lacs, the optical polarized emission is dominated by the quiescent jet, while in FSRQs it is dominated by the turbulent emission. Further observations will have to show if this holds for bigger samples.
• We identify five events in the polarized emission that we classify as 'Bubbles' and two events we classify as 'Swings'. Both Bubbles and Swings are circular movements in the Stokes plane, generally known as rotators. No common centre for all rotators can be identified, this cannot be explained through fast OPC variability. All rotators happen on similar time-scales and show a preferred direction of rotation. We interpret these events as movements of shock-fronts both up-and downstream the jet. Through their movement, the shock fronts swipe through different orientation of the helical magnetic field, thereby producing swinging motions.
• We study optical spectral index variations and find a 'bluerwhen-brighter' trend in both flares. This is in agreement with other studies of OJ287 (Hagen-Thorn et al. 1998) .
• We compose a list of requirements for OJ287 models. The list includes: regularly appearing double peaked outbursts, strong variations in the peak intensities, differences between the bursts regarding the existence of radio counterparts, strong changes in the preferred position angle (which we interpret as variability in the OPC), a black hole mass of M BH 10 9 M ⊙ and a radiatively inefficient, geometrically thick accretion flow.
• We assess all models using the list of requirements. We conclude that none of the models can explain all items on the list. The original Lehto & Valtonen model (Lehto & Valtonen 1996) (Villata et al. 1998 ) and the Katz model (Katz 1997 ) cannot explain all items on the list.
• We also discuss possibilities for alternative explanations. We discuss a new approach based on the finding of violent variability of the optical core polarization in OJ287, observed since the 1970s. We argue that the optical polarization core is a sign of the quiescent jet and thus traces the jet magnetic field. Thus a change in the direction of the optical polarization core indicates a change of the direction of the jet magnetic field. We suggest that this could have taken place in OJ287 through accretion of poloidal magnetic field lines. We suggest that a strong accretion event in the past caused resonance in the accretion disc. This resonance showed as avalanche accretion of magnetic field lines every nine years in the object restframe, causing the double-peaked burst. According to our interpretation, the strength of the double-peaked outbursts is abating as the central magnetic field strengthens and thereby repels accreting magnetic field lines. We argue that the central magnetic field started to choke the resonance and therefore we expect no more regularly appearing bursts. We also conclude that as long as this toy model cannot be confirmed by simulations, the mystery of OJ287 will remain unsolved.
